Type I interferons (IFN-␣/␤) and the more recently identified type III IFNs (IFN-) function as the first line of defense against virus infection and regulate the development of both innate and adaptive immune responses. Type III IFNs were originally identified as a novel ligand-receptor system acting in parallel with type I IFNs, but subsequent studies have provided increasing evidence for distinct roles for each IFN family. In addition to their compartmentalized antiviral actions, these two systems appear to have multiple levels of cross-regulation and act coordinately to achieve effective antimicrobial protection with minimal collateral damage to the host. cros MINIREVIEW
Interferon kingdom
Interferons (IFNs) 3 represent a group of cytokines that are able to induce resistance to virus infections in treated cells. Most vertebrates possess three types (or families) of IFNs, based on similarities in gene and protein sequences and structures, receptor utilization, and biological functions, which are shared among the members of each IFN type but are distinct between the three IFN types. Type I IFN (IFN-␣/␤) and type III IFN (IFN-) families generally have multiple members, whereas type II IFN (IFN-␥) is encoded by a single gene in most species (1) .
All vertebrates appear to possess type I IFN genes, which are generally numerous and intronless. The human genome contains 13 IFNA genes encoding 12 distinct, but similar, IFN-␣ proteins (IFN-␣1 and IFN-␣13 have identical sequences), and one gene each for IFN-␤, IFN-, IFN-, and IFN-⑀, which share only limited amino acid similarities with each other and with IFN-␣. Only the IFNK gene contains an intron in the 3Ј-UTR; all other human type I IFN genes lack introns. In contrast, type III IFN genes do have introns ( Fig. 1A ) in most species. Amphibian genomes contain both intronless genes and genes with introns, which encode either type I or type III IFNs (2, 3) . Thus far, all IFN genes identified in fish contain introns but, based on their sequences, are more related to type I IFNs found in other species rather than to type III IFNs (4). The introncontaining genes encoding either type I or type III IFNs share a common intron/exon structure that is also conserved in genes encoding IL-10-related cytokines (5, 6) . IFN-s also share limited similarity with both type I IFNs and the IL-10-related cytokines ( Fig. 1B) . In addition, all IFNs and IL-10-related cytokines signal through receptors belonging to the same class II cytokine receptor family (5, 7) . Therefore, all these cytokines are likely to have arisen from a common ancestor by gene duplication and expansion. The divergence into two IFN families is likely to have happened relatively early in the tetrapod evolution, because amphibians, reptiles (including birds), and mammals have distinctive type I and type III IFNs. Although fish IFNs resemble type I IFNs, they utilize two heterodimeric receptor complexes, in which one receptor subunit is shared (8) . Therefore, it appears that IFNs began to diverge into two subfamilies during the evolution of teleosts.
Although designated as an IFN, and present in fish, IFN-␥ has relatively weak intrinsic antiviral activity and, unlike type I and type III IFNs, its production is not directly triggered by viral infection. The sequence of IFN-␥ is substantially divergent from IFNs and IL-10-related cytokines (Fig. 1B) , and the IFNG gene has a distinct intron/exon structure.
The term IFN was originally devised for a substance produced by influenza A virus-infected chick embryo chorioallantoic membranes that can "interfere" with virus replication. Because chickens have type I and type III IFN-based systems, it is likely that, in the original experiments, both types of IFNs were present (9) . However, because of the design of cloning strategies, the first IFNs to be characterized happened to be type I IFNs. IFN-␤ and several IFN-␣ subtypes were cloned in the 1980s based on their IFN-specific antiviral activities. Type III IFNs were first discovered in silico as novel cytokines that were shown to possess antiviral activities similar to those of type I IFNs. independent groups (10, 11) . IFN-4 was identified in 2013 based on RNA sequence data from poly(I-C)-treated primary hepatocytes (12) , and it shares ϳ30% identity with other IFN-s (Fig. 1C ). The genes encoding type III IFNs are clustered on human chromosome 19 ( Fig. 1A) , whereas all type I IFN genes map to chromosome 9. In addition to four IFNL genes encoding functional proteins, there are three pseudogenes ( Fig. 1A ). Mice have only two genes encoding functional type III IFNs, IFN-2 and IFN-3, and two pseudogenes (13) .
IFN-receptor complex and signaling
All IFN-s engage a heterodimeric receptor complex for signaling. This complex is composed of IFN-R1 (also known as IL-28R), a receptor subunit unique to the IFNreceptor (IFNLR), and the IL-10R2 chain that is shared with receptor complexes for IL-10, IL-22, and IL-26. There are three splice variants of the human IFNLR1 gene, encoding either the fulllength functional IFN-R1, a soluble IFN-R1, or an IFN-R1 variant lacking a membrane-proximal region of the intracellular domain and expected to be signal-incapable (5) . The expression pattern of the splice variants and their functional importance are not well studied, although it has been suggested that soluble IFN-R1 can partially antagonize IFN-activities (14) . All type I IFNs signal through the IFNAR complex composed of IFN-␣R1 and IFN-␣R2 subunits. Interestingly, although type I and type III IFNs signal through distinct non-overlapping receptors, there is a poxvirus-encoded IFN antagonist that neutralizes the action of all human type I and type III IFNs, with the exception of . This viral glycoprotein binds type I and type III IFNs in a competitive manner, suggesting the existence of conserved epitopes between these two IFN family members, despite the minimal amino acid sequence similarity (15) .
Signaling cascades triggered downstream of the IFNreceptor complex are very similar to those activated in response to type I IFNs binding to their specific receptor complex ( Fig. 2 ) (16) . The predominant signaling from either IFNLR or IFNAR is transmitted by the JAK-STAT pathway. Although the activation and involvement of JAK2 kinase in IFNsignaling has been reported (17, 18) , STAT activation downstream of IFN-R1 proceeded normally in JAK2-deficient cells (19) . Because Tyk2 associates with IL-10R2 (20, 21) , and JAK1 is expected to interact with IFN-R1 (19) , the importance of JAK2 for IFNsignaling requires further investigation. The hallmark of IFN signaling is the activation of a transcription complex designated IFN-stimulated gene factor 3 (ISGF3), which is highly specific to type I and type III IFN-induced signaling. ISGF3 is composed of STAT1, STAT2, and IRF9 and induces transcription of hundreds of ISGs. As expected, the sets of ISGs induced by either type I or type III IFNs are very similar if not identical. However, the kinetics of ISG induction by type I and type III IFNs differ. In general, the levels of ISG expression peak earlier and decline faster in response to type I IFNs and demonstrate a delayed and prolonged induction pattern in response to IFN-s (22) (23) (24) .
One of the ISGs encodes a negative regulator of IFN signaling, USP18 (Fig. 2 ), which competes with JAK1 for binding to IFN-␣R2 (25) . USP18 has a stronger inhibitory effect toward IFN-␣s than toward IFN-␤ (26), which may reflect differential affinities of IFN subtypes for their shared receptor subunits. The action of USP18 is of particular interest, because it provides a mechanism for selective inhibition and for cross-regulation of type I and type III IFN-induced signaling. USP18 is induced by either type of IFN ( Fig. 2 ), but it exerts stronger inhibition of IFN-␣-than IFN--mediated activities (26, 27) . Through USP18 induction, IFN-s can selectively constrain IFN-␣ actions in cells responsive to both types of IFN.
Little is known about IFN-subtypes regarding their receptor binding and differential signaling. It came as a surprise that human IFN-3 has much higher antiviral potency than IFN-2, despite the fact that they have 96% amino acid identity (28) . Although IFN-1, IFN-3, and IFN-4 seem to have comparable biological activities (28, 29) , it remains to be seen whether the kinetics of ISG induction, mode of receptor engagement, or sensitivity to negative regulators may differ among these IFNsubtypes.
Expression of IFN-
The presence of regulatory elements, similar to those found in the promoters of type I IFN genes, led to the initial characterization of IFN-s as antiviral cytokines (11) . Indeed, IRF-, NF-B-, and AP1-binding sites are commonly present in the promoters of both type I and type III IFN genes (16, 30, 31) . As predicted, initial experiments with cell lines or primary cells demonstrated that type I and type III IFNs are co-produced in response to virus infection or small molecular mimetics that trigger activation of extracellular or intracellular sensors, which recognize pathogen-associated molecular pattern molecules, particularly nucleic acids. However, experiments carried out in vivo are revealing a much more nuanced and complex picture. Mucosal infections appear to trigger predominantly IFNexpression and a low level of IFN-␤ (32, 33) . The source of these IFNs is often epithelial cells, which preferentially express IFN-s (34 -41) . For example, epithelial cells were the primary source of IFN-production in the gastrointestinal tract of mice infected with reovirus and rotavirus (35, 41) . IFN-␣s are produced later and require the presence of immune cells, such IFN-binding to its receptor complex leads to the activation of receptor-associated JAK1 and Tyk2 kinases, which phosphorylate Tyr residues within the IFN-R1 intracellular domain. These phosphotyrosine-based motifs serve as docking or recruitment sites for the latent transcriptional factors of the STAT family. The main STATs that become recruited and activated are STAT1 and STAT2, although activation of STAT3, STAT4, and STAT5 can be also detected (10, 19, 97) . Phosphorylated STAT1 and STAT2 heterodimerize and interact with another transcription factor, IFN regulatory factor 9 (IRF9), leading to the formation of a transcription complex designated IFN-stimulated gene factor 3 (ISGF3). After translocation to the nucleus, ISGF3 binds to the IFN-specific response element (ISRE) that is commonly present in the promoter regions of hundreds of IFN-stimulated genes (ISGs), culminating in their transcriptional expression. The many ISGs encode a variety of antiviral mediators (98) enabling the establishment of an antiviral state effective against a broad spectrum of viruses. Subsets of ISGs encode proteins involved in virus recognition and IFN induction such as TLR, RIG-I-like receptors (RLR), and IRF7 as well as modulators of IFN signaling such as STAT1, USP18, and SOCS1 (99) . USP18 binds to the IFN-␣R2 intracellular domain, displaces JAK1, and suppresses IFN-␣ signaling. Ku70 is a DNA sensor that selectively triggers expression of IFN-s (100).
as plasmacytoid dendritic cells (pDCs), which produce both IFN-␣s and IFN-s (42) (43) (44) . BDCA3 ϩ dendritic cells (DCs) can also produce IFN-s in response to poly(I-C) or co-culture with HCV-infected cells (45) (46) (47) . Overall, the expression patterns and levels of production of type I and type III IFNs vary depending on the site of the infection and the specific viral pathogen. Although not surprising, given the many different mechanisms by which viruses stimulate and suppress IFN production (48) , this variability is often underappreciated. It appears that production of IFN-s can be induced to substantial levels by either IRF or NF-B pathways (49 -51) , whereas type I IFN production requires activation of both pathways for efficient production. Because many viruses target the IRF pathway, the preferential expression of IFN-s by epithelial cells during virus infection may be occurring via an unaffected NF-B pathway.
Another mechanism favoring IFN-production by epithelial cells is the increased number of peroxisomes found in polarized cells at mucosal surfaces (18) . MAVS, a critical mediator of a signaling cascade leading to IFN production downstream of RIG-I-like receptors, can be found localized to mitochondria or peroxisomes (52) . Activation of peroxisome-associated MAVS triggers the production of IFN-s, whereas type I IFNs are induced by mitochondrion-associated MAVS (18, 52) . IRF1, IRF3, and NF-B, but not AP1, mediate the signaling leading to IFN-production from peroxisome-bound MAVS (18, 52) . This pathway was initially assumed to be a novel, IFN-independent, antiviral pathway, as no expression of type I IFNs could be detected (52), but it was subsequently shown to lead to selective IFN-production (18) . Bacterial infections of epithelial cells also triggered IFN-production mediated by peroxisome-associated MAVs (18, 53, 54) . Increased polarization status of intestinal epithelial cells not only augments their ability to produce IFN-s (18) but also enhances their sensitivity to IFN-treatment (41) emphasizing the importance of type III IFNs in intestinal mucosal immunity ( Fig. 3) . Thus, type III IFNs appear to play an important role in the protection of barrier surfaces against a variety of microbes and are likely to contribute to the maintenance of tissue homeostasis.
IFNinduction at low levels, and with delayed kinetics, was detected in HepG2 cells following treatment by either type I or type III IFNs (55) and in IFN-␣-treated pDCs (43) , demonstrating that the IFNL genes are ISGs. ISGs encode many proteins, such as TLRs, RIG-I-like receptors, IRF7, STAT1, SOCS, and USP18, that can positively or negatively modulate IFN production or signaling (Fig. 2 ). This provides a basis for cross-talk between these two IFN systems. It has been shown that treatment of DCs and macrophages with IFN-␣ prior to, or together with, virus infection or TLR agonists potentiates IFNproduction (46, 56 -58) . Priming of IFN-expression by type I IFNs is also suspected because of the decreased IFN-expression in response to virus infection observed in IFNAR-deficient mice (33, 59) . The extent to which type I IFN expression is potentiated by IFN-s is less clear. This was reported for macrophages and DCs following exposure to virus (46, 56) , but pretreatment of airway epithelial cells with IFN-had no effect on influenza A virus-induced IFN-␤ expression (37) . Because immune cells are thought to be the major source of type I IFN production in vivo, and only a restricted set of immune cells respond to IFN-, priming by IFNis unlikely to affect type I IFN expression.
IFN-s and HCV
In 2009, several independent groups discovered that polymorphisms in the vicinity of the IFNL3 gene predict response to IFN-␣-based antiviral therapies in patients chronically infected with HCV, as well as spontaneous clearance of HCV infection (60 -62) . Subsequent studies reported the association of these single nucleotide polymorphisms (SNPs) with other chronic viral infections and other diseases, including non-alcoholic fatty liver disease and allergy. It was proposed that the SNPs affect the level of IFN-3 expression; however, this was not conclusively demonstrated. Sets of SNPs were found to be in linkage disequilibrium, revealing the existence of several distinct haplotypes in humans. In 2013, a novel IFNL gene, designated IFNL4, was discovered upstream of the IFNL3 gene ( Fig.  1) (12) . Two SNPs have been identified in this gene in the human population; one of these causes a frameshift mutation resulting in non-functional IFN-4 and another generates an amino acid substitution (12, 63) . IFN-4 possesses strong antiviral activity, comparable with that of IFN-3 and IFN-1, and signals through the same receptor complex, despite being only ϳ30% identical to other IFN-s (29) . The P70S amino acid substitution reduces IFN-4 activity (63) . Paradoxically, the presence of an allele encoding fully active IFN-4, the protein that, in vitro, shares anti-HCV activities with other IFN-s, is strongly associated with unfavorable outcomes from HCV infection. The principles underlying this seeming contradiction remain elusive. One possible explanation (61, 62) arises from previous observations: (i) the increased expression levels of ISGs, including USP18 (Fig. 2) , in patients refractory to anti-HCV therapies (62) , and (ii) selective suppression of IFN-␣ but not IFNsignaling by HCV (64, 65) . This suggests a scenario in which continuously produced IFN-4 (66) is responsible for the chronic up-regulation of ISG expression, including negative regulators such as USP18 that maintain the refractoriness to IFN-␣-based therapy. However, it remains unclear what makes IFN-4 so different from other IFN-s, because transcription from all four IFNL genes is simultaneously induced by the HCV mimetic poly(I-C) in primary hepatocytes, but the establishment of chronic infection is most strongly associated with the presence of the functional IFNL4 gene. One distinction conserved among mammalian IFN-4 proteins is the fact that, unlike other IFN-s, this cytokine is poorly secreted from the producer cells (12, 29, 67) , but how and whether this feature may translate into a unique function during HCV infection remain unclear. Rodents lack the IFNL4 gene, but noteworthy is the report that T cell responses were opposite in IFNLR Ϫ/Ϫ mice infected with acute versus persistent strains of lymphocytic choriomeningitis virus (68) . Therefore, even in rodents, the effects of IFN-s may be tuned by chronic inflammation.
The conundrum of IFN-4 in HCV infection will be difficult to untangle as this phenomenon cannot be studied in the mouse model. Mouse hepatocytes are not responsive to type III IFNs in vivo, despite their ability to respond to these cytokines ex vivo (69) . Human hepatocytes are sensitive to type III IFNs in vivo as shown by successful clinical trials of IFN-1 for the treatment of patients with chronic HCV infection (70) , patterns of human IFN-R1 expression in liver biopsies (71, 72) , and IFNresponsiveness of human primary hepatocytes. Nonetheless, IFN-R1 expression varies in human hepatocytes in vivo (72) , indicating that hepatocyte responsiveness to IFNs, and the factors and pathways affecting this, deserves additional examination.
Role of IFN-s in vivo
The existence of the IFN-family was not suspected prior to 2003, largely because type I and type III IFNs are induced by many of the same stimuli and mediate the same effects despite their distinct receptors. Thus, one of most interesting questions facing IFN researchers is understanding how and whether type III IFNs have a distinct biological role. One clear distinction is the essentially non-overlapping distribution of type I and type III IFN receptors.
Utilization of different receptors allows type I and type III IFNs to target distinct compartments in vivo. Despite the fact that IFNAR has long been thought to be expressed on all cell types, it is now becoming clear that, at least in the gastrointestinal tract, intestinal epithelial cells (IECs) respond almost exclusively to type III IFNs, whereas type I IFNs are mostly active on immune and endothelial cells ( Fig. 3) (35, 41, 73-76) . Accordingly, IFNlimits rotavirus and reovirus replication in IECs, whereas type I IFNs control virus spread beyond the epithelial compartment (35, 41) . Interestingly, this difference is observed only in adult animals, with IECs in neonatal mice responsive to both IFN types (41) . It is important to emphasize that isolated intestinal epithelial cells respond to either type I or type III IFNs ex vivo, as do a variety of cell lines derived from the GI epithelium (10, 76) . The basis of this age-dependent restriction in vivo is not yet understood. It has been suggested that the level of IFN-R1 expression is down-regulated in IECs in vivo (35) , but the mechanism(s) determining this altered responsiveness is currently unknown. Also unresolved is the localization of IFN receptors on polarized epithelial surfaces in vivo. Polarized rat IECs were found to respond to type I IFNs added to the apical surface only, whereas type III IFNs could signal from either the apical or the basolateral surface (76) . This is contradicted by an in vivo study showing both IFN-␣/␤ and IFNresponses by neonatal murine IECs following subcutaneous administration of either cytokine (41) . It is important that receptor orientation, in mouse and man, be determined if we are to understand innate immune responses at the mucosal surface.
Acting on epithelial cells, IFN-s may be important for limiting virus release into the lumina of the gastrointestinal and respiratory tracts. Indeed, fecal shedding of rotavirus and reovirus, as well as murine norovirus (MNV) that primarily replicates in B cells, was increased in IFNLR-deficient mice (35, 76, 77) . Although rotavirus and reovirus replicate in IECs, MNV replicates in hematopoietic cells, where IFNis inactive. Therefore, indirect action of IFN-s was proposed for controlling persistent MNV infection (77) . Moreover, depletion of microbiota by antibiotics prevented the establishment of persistent infection in mice infected with low MNV doses, an effect that was not observed in IFNLR-deficient animals (78) . How-ever, MNV replicates to higher titers in IFNLR-deficient mice, and higher MNV doses lead to persistent MNV infection even in antibiotic-treated animals (78) . Thus, the precise mechanisms of IFN--mediated protection against MNV, and the cells responding to this cytokine in MNV infection, require further investigation.
The MNV example raises an additional consideration. It is possible that type III IFNs reduce MNV shedding by acting to strengthen the epithelial barrier even in the absence of epithelial infection. Of note, tightening of the blood-brain barrier by IFNdecreased neuroinvasion of West Nile virus (79) . Effects of IFNs on the permeability of the GI epithelial barrier may also explain increased sensitivity of mice to the dextran sulfate sodium-containing water in the mouse model of acute colitis (80) .
Current data suggest that type I and type III IFNs are redundant in the protection against respiratory viruses where replication of the virus is limited to the epithelial compartment. In the case of influenza virus (73, 81) or severe acute respiratory syndrome (SARS) virus (82) infection, either type I or type III IFNs confer the same level of protection seen in wild-type mice, with significantly enhanced virus titers in the absence of both pathways. Consistent with these observations, influenza A virus infection induces the same set of ISGs in murine tracheal epithelial cells obtained from either wild-type, IFNAR-, or IFNLRdeficient mice (83) , confirming the redundancy of type I and type III IFN-based antiviral responses in airway epithelium. Enhanced respiratory syncytial virus replication is present only in mice deficient in both type I and type III IFN receptors (73) . However, it was recently reported that IFN-s are more important in controlling the spread of respiratory viruses from the upper respiratory tract to the lungs in mice and virus transmission between animals (84) . Therefore, it appears that there may be non-redundant IFN-based functions within the respiratory as well as the GI tract.
It has been particularly challenging to define immune cell subsets sensitive to type III IFNs due to the lack of verified research reagents, and the fact that the assessment of levels of transcriptional or protein expression of IFN-R1 does not equate to responsiveness of the cells to IFNs. As an example, B cells may express IFN-R1 but are barely responsive to IFN-s (14, 85) . NK cells, which are important mediators of anti-tumor activities of both type I and type III IFNs (86 -88) , are sensitive to type I IFNs, but whether IFN-s can directly affect NK functions is controversial (86 -90) . There are numerous and sometimes contradictory reports on this topic, but in aggregate it appears that T cells, NK cells, and monocytes are not directly responsive to type III IFNs. Nonetheless, this does not rule out the possibility that subsets of these cells may become IFN-responsive in some settings. It has recently been shown, for example, that the responsiveness of neutrophils to IFNdepends on their activation or differentiation status; neutrophils isolated from peripheral blood do not respond to this cytokine, whereas the neutrophils isolated from bone marrow are very sensitive to IFN-s (91) . Plasmacytoid dendritic cells isolated from human subjects are also responsive to both IFN types (43, 92) .
Overall, it can be concluded that the type III IFN system evolved to serve as a first line of defense at the mucosal barrier, which is the initial target of most invasive pathogens. Mainly, IFN-s protect these epithelial layers, but some subsets of immune cells, particularly those involved in innate rather than adaptive immune responses, are responsive to IFN-s constitutively or upon activation (Fig. 3) . Acting on DCs, IFN-s can indirectly affect the development of adaptive immune responses (43, (92) (93) (94) . Neutrophil and DC responses to type I IFNs might also be down-regulated by prolonged IFN--mediated induction of USP18, adding another level of immune regulation. This is an important consideration as type I IFNs generally promote inflammatory as well as antiviral responses (95) . Consistent with the idea that type III IFNs may act as a brake on the proinflammatory effects of type I IFNs, it was reported that IFN-s acting on DCs promote the development of T regulatory cells (93) and dampened inflammation in mouse models of asthma (94) and rheumatoid arthritis (91) . In addition, in vivo studies also suggest a role for type III IFNs in wound healing and anti-tumor defense (61) , although the mechanisms of these additional functions are not well understood.
Clinical applications
The most compelling aspect of our current knowledge of type III IFN biology is the possibility that IFN-s could act as potent antivirals against multiple infections without the side effects associated with IFN-␣ treatment. This hypothesis was tested in clinical trials of IFN-1 therapy for HCV infection, which confirmed that this cytokine had antiviral effects equivalent to IFN-␣ without the same level of associated toxicity (70) . Studies of IFNtreatment of influenza A virus-infected mice have shown similar results (96) . Exogenous IFNwas also able to prevent or cure murine norovirus infection (77) and reduce replication of rotavirus (35, 41, 76) . Taken together, these data suggest that IFN-can potentially be developed as a broadspectrum antiviral agent for prophylaxis and treatment of a large number of viral infections without the unwanted proinflammatory effects of IFN-␣. This is an exciting possibility and would represent a major clinical advance. In addition, type III IFNs have now been shown to play an important role in protecting the lung from fungal infection, 4 suggesting applications beyond the treatment and prophylaxis of viral infection. The potential use of IFN-in the treatment of malignancy is also an area of active research (61) .
Conclusion
The host response to invading pathogens requires well-tuned defense mechanisms that eradicate harmful microbes while limiting tissue damage and systemic inflammation. Most species evolved two ligand-receptor systems, based on either type I IFNs (IFN-␣/␤) or type III IFNs (IFN-s), which function as the first line of innate defense against virus infection, but they also act as regulators of both innate and adaptive immune responses. Although type III IFNs were originally shown to provide antiviral protection in parallel with and independent of the type I IFNs, a growing body of evidence indicates distinct roles for each IFN family, as well as non-overlapping functions for subtypes within each family. Of equal importance is the realization that, in addition to their compartmentalized antimicrobial actions, these two antiviral systems appear to have multiple levels of cross-regulation and act coordinately during both the 4 A. Rivera, J. E. Durbin, and S. V. Kotenko, unpublished data. Figure 3 . IFN--centric model on the production and action of IFNs at the epithelial barrier. IFN production in the intestine is induced by invading bacterial and viral pathogens and likely by the many microbial by-products present in the intestinal lumen. These stimuli trigger predominantly IFNexpression from epithelial cells, and these cells preferentially respond to type III IFNs. Therefore, it appears that the antiviral protection of IECs relies on the IFN--based autocrine system. In addition to IECs, DCs present in the lamina propria beneath the epithelial surface produce and respond to both types of IFNs, but pDCs preferentially produce IFN-␣. Intraepithelial T lymphocytes (IELs), which are in continuous contact with the epithelial layer, also secrete both type I and type III IFNs upon antigen stimulation (101) . IFN-␣/␤ secreted into the submucosa (solid arrows) act on lamina propria cells. Both IFN types can also act systemically through entry into the blood stream (dashed line).
innate and adaptive phases of the immune response. As our understanding of these complementary systems grows, so will opportunities for more nuanced therapeutic interventions in infectious and inflammatory disease.
